Objectives-Sonography has been suggested as a possible means of endotracheal tube (ETT) placement confirmation. However, optimum ultrasound transducer placement has not been established. Using a cadaveric model, ETT placement by the sonographic appearance at the thyroid cartilage, cricoid cartilage, and suprasternal notch in the upper airway was assessed to determine which ultrasound transducer placement offered the most optimal images for ETT confirmation in the airway.
T imely confirmation of endotracheal tube (ETT) placement into the airway is essential. A misplaced ETT may lead to hypoxemia, hypercarbia, end-organ damage, and even death. 1, 2 Although observation of the tube passing through the vocal cords is clearly the reference standard for confirming successful intubation, it cannot always be visualized, especially in emergent circumstances or difficult laryngoscopy. When direct observation is not possible, the most effective means to confirm that the tube is appropriately placed is end-tidal carbon dioxide (ETCO 2 ) detection, provided that a detector is available and that blood flow is occurring (naturally or with chest compressions). 3 When these conditions cannot be met, other methods of ETT confirmation are necessary. When used in emergent settings, ETCO 2 detection can fail to confirm appropriate intratracheal placement of the ETT in the airway as often as once in every 10 intubations. 4 Sonography is another possible means of ETT confirmation because it allows imaging of the upper airway during insertion of the tube. [5] [6] [7] Static images of the airway once the tube is placed are typically not useful, as any air around the tube will attenuate ultrasonic waves and make imaging impossible. 8, 9 Hence, dynamic scanning during placement of the ETT is favored. 10 However, the level at which ultrasound scanning should be conducted to provide the highest likelihood of visualizing the entry of the tube into the airway is uncertain. 5, 10 In this study, we compared dynamic imaging of ETT placement in a cadaver model at 3 different levels of the airway: the thyroid cartilage (introitus), the cricothyoid membrane (immediately subglottic), and the suprasternal notch (trachea). We hypothesized that the sensitivity of dynamic sonography would be highest with the transducer placed transversely at the level of the trachea/ suprasternal notch.
Materials and Methods
This cadaveric study was conducted in the Anatomy Laboratory at the University of Pittsburgh School of Medicine. Approval was granted by the Committee on Research Involving Decedents. Specimens were lightly preserved with a glutaraldehyde solution to maintain tissue flexibility 11 (in comparison to traditional embalming with formaldehyde) in preparation for a 1-week airway management laboratory for incoming critical care fellows. In preparation for the airway laboratory, each specimen was subjected to a right thoracotomy with placement of a retrograde ETT in the right main stem bronchus (to simulate spontaneous ventilation when connected to a manual bellows) and a retrograde nasogastric tube in the esophagus (to demonstrate the potential for gastric insufflation during bag mask ventilation). 12 For the purposes of the study, each specimen was intubated with an 8.0-mm Mallinckrodt ETT for men or a 7.0-mm ETT for women (Medtronic, Minneapolis, MN), by a single provider, using direct laryngoscopy with a No. 3 or 4 MacIntosh fiber-optic laryngoscope blade (Heine USA Ltd, Dover, NH). A CormackLehane grade 1 or 2 laryngoscopy was established for each intubation so that the placement of the tube into the glottis was clearly evident. The intubator advanced the tube in single smooth first pass; once a depth of 23 cm was reached, the motion of the tube was stopped, which ensured that the tip of the tube passed all 3 levels of sonographic observation. No gyration or back-andforth motion was permitted after the tube was placed, to avoid creation of any artifactual movement that might be detected on sonography. The sonographers were situated at the side of the specimen, on the opposite side of the ultrasound unit, which was placed at the level of the abdomen, so that visualizing the screen did not permit them to observe the placement of the ETT. One of these 2 investigators placed the ultrasound transducer in a transverse plane over the airway at 1 of 3 levels: the thyroid cartilage (Figure 1 ), the cricothyroid membrane (Figure 2 ), and the trachea superior to the suprasternal notch ( Figure 3 ). Subsequently, the laryngoscopist placed the ETT into the trachea 10 times, with the ultrasound transducer held at each of the 3 levels, for a total of 30 intubations per specimen.
During the intubations, the observers viewed the sonogram and graded the degree of motion that was evident during tube insertion. The degree of motion was quantified on a scale of 0 to 3, with 0 representing no evident motion, 1 representing subtle, barely detectable motion, 2 representing clear motion of the airway structures, and 3 representing pronounced motion. The observers decided on the score and if these were not the same, asked for another intubation, and the degree of motion was again quantitated by each of them until agreement was reached. The primary outcome in the investigation was the sensitivity of sonography for detecting dynamic ETT placement in the trachea at the 3 levels of the airway. The secondary outcome was the median dynamic motion score, determined for all 5 specimens at each of the 3 levels (50 observations at each level of the airway).
The sensitivity of sonography at each level is reported as the frequency of visualization of entry of the ETT into the airway (ie, a dynamic motion score of at least 1). Motion scores are reported as median values (for categorical variables). These were compared for the different levels by the related-sample Friedman test, followed by post hoc pair-wise comparisons between scores at the different levels.
Results
Three female and 2 male specimens were used. A Cormack-Lehane grade of 1 or 2 was readily established for all intubations, so that the tube was easily seen to pass the cords. There were no failed intubations. Each underwent 30 intubations, for a total of 150, for which 150 visualization scores was compiled. All of the specimens had a nasogastric tube tip in the proximal esophagus, which was sewn in place and which prevented placement of an ETT.
The sensitivity of sonography for detecting intubation (score of 1) at the level of the thyroid cartilage was lowest, followed by the cricoid cartilage (Table 1) . With the transducer placed over the trachea, just superior to the suprasternal notch, however, the sensitivity was highest.
The median visualization scores for the 3 different airway levels were significantly different (Table 1) . Scores were highest at the suprasternal level and lowest over the thyroid cartilage. With post hoc intragroup comparisons, there was no significant difference between the scores for the thyroid cartilage and cricothyroid membrane or between those for the cricothyroid membrane and suprasternal notch. However, the pair-wise comparison of the thyroid cartilage to the suprasternal notch was significant (P 5 .022). Although the observers required reintubation to agree on motion scores in some cases, there was no disagreement on the presence or absence of motion (ie, the reviewers always either detected motion or did not, although agreement on the degree of motion was not always reached).
Discussion
Comparing 3 different levels for detection of ETT placement in a cadaver model, we found that sonographic visualization was most sensitive in the tracheal position, above the suprasternal notch, where detection of intratracheal placement was 100%. At the level of the cricoid cartilage, as well as the level of the thyroid cartilage, dynamic sonography was far less effective in confirming the entry of the tube into the airway. A number of investigators have assessed the utility of sonography to confirm ETT placement in the airway. Typically, sonographic confirmation of the ETT in the airway is categorized by either a "direct" or an "indirect" method. The indirect method refers to sonography that does not attempt to visualize the ETT in the airway, such as visualization of the diaphragm, the pleural or lung markings, or the esophagus. 5, [13] [14] [15] [16] Hence, if the pleural lining is visualized to be moving after intubation while being ventilated, it is safe to infer that the ETT is in the correct place. Likewise, if the ETT is visualized in the esophagus, it is safe to infer that the ETT is not in its correct location. The direct method involves visualization of the ETT as it is placed into the upper airway. This procedure may be performed with either static imaging (after the tube has been placed) or dynamic imaging (observation of the act of inserting the tube in real time). Static imaging is difficult because the tube is often not visible in the airway because of air that usually surrounds it. 10 One means to improve visibility in these static conditions is filling the cuff with liquid, rather than air. 17 Confirmation of endotracheal intubation is paramount to avoid the complications that may occur with failed placement of the tube. Numerous adverse effects occur when the tube is misplaced, including hypoxemia and hypercarbia. 2 As the number of attempts and misplacements increases, so too does the likelihood of severe morbidity. 18 Mortality has been shown to increase in this scenario. 18 Longer delays in recognition of misplacement are likely to lead to greater severity of complications, as well as the potential for insufflating the stomach during multiple ventilation attempts, with an attendant rise in the risk of aspiration during subsequent attempts to manage the airway. 19 Most commonly, ETT placement is confirmed with a combination of physical examination measures (auscultation and observation of chest rise) and detection of ETCO 2 with a capnographic or color change detection device. 20 However, circumstances may arise in which either of these modalities is confusing or ineffective. In very large patients and those with severe bronchospasm, emphysema with a barrel chest, and chronically depressed diaphragms, chest rise, auscultation, or both may be deceptive in detecting successful placement of the ETT. 21 In the setting of cardiac standstill, such as massive pulmonary or air embolism, ETCO 2 may not be detectable, despite successful intubation. 21 Technical issues may also result in the inability to detect a CO 2 tracing on capnography, 22, 23 or a color change indicator may not be available at the essential moment. Under such circumstances, other means of detecting ETT placement are essential. An esophageal bulb detector may be used, if available, although it is not a common component of difficult-airway carts and may itself be deceptive when placed in a patulous or air-filled esophagus. 2 Sonography has become much more widely available in acute care areas of hospitals, both for point-ofcare assessment and for guidance of vascular line placement. 24 This imaging technology is portable and practical, can be applied rapidly, requires no radiation, and has a long history of safe use in a variety of different diagnostic and therapeutic applications. 25 In a cadaveric model, Ma et al 10 described the use of sonography to detect ETT placement and reported sensitivity of 97%, with specificity of 100%. In a study of elective intubation in the operating room, Muslu et al 26 intentionally placed the ETT into either the trachea (n 5 75) or the esophagus (n 5 75) to determine the accuracy of sonography in detection of tube placement; they described sensitivity and specificity of 100% in this setting. In a study of patients intubated in the emergency department, Milling et al 27 used sonography for detection of ETT placement, with reported sensitivity of 97% for intratracheal placement in 35 cases. Chou et al 13 also found this modality to be highly successful in a series of patients intubated emergently, with overall accuracy of 98.2% and sensitivity for ETT placement of 98.9%. In another study of emergency department intubations, Werner et al 7 reported sensitivity of 100% for sonography.
All of these authors describe dynamic imaging of the intubation process. It is difficult, if not impossible, to image the tube inside the airway if air is around the tube, since air causes near-complete attenuation of the ultrasonic beam. 10 Thus, imaging during actual insertion of the tube, to detect intratracheal motion, is essential. In most of these studies, a transverse placement of the transducer on the neck was used, but at differing levels, including the larynx (usually over the cricothyroid membrane) and the trachea (above the suprasternal notch). None provided a comparison of detection of intratracheal placement at different levels. We chose 3 different levels of the upper airway for transducer placement and compared them to establish which transducer position provided the most sensitive detection of intratracheal ETT insertion. Our results, consistent with the study by Muslu et al, 26 confirm that a position over the trachea, in the suprasternal region, has very high sensitivity for detection of placement of the tube in the airway.
Our study was unusual in that we attempted to quantify the degree of visible motion on sonography during the intubation process. Although most other studies rely on the simple "positive" or "negative" dichotomy, sonographic detection of motion may be more subtle than this distinction, with the vagaries of sonography leading to differing degrees of detectable motion, which we attempted to quantify and report.
This study was limited by its application to cadavers, which had been lightly preserved with glutaraldehyde for a 1-week airway management laboratory. However, we found that visualizing the anatomic structures of the airway with sonography was accomplished readily and was representative of structures seen in living patients. Our scoring system for describing visualization quality was a practical approach to grading the degree of visible motion, allowing for agreement (or sometimes disagreement) between the observers, but it had not previously been validated in the literature and, without assessment of inter-rater reliability, may permit a degree of bias in motion score determinations. Another limitation was that specimens used in our airway laboratory receive a retrograde nasogastric tube placed from inside the thorax, into the proximal esophagus (allowing demonstration of simulated "gastric insufflation" during bag mask application); because the esophagus had already been instrumented for the airway laboratory, esophageal intubations were not included as part of this study, so the sensitivity of detection of ETT placement into the trachea was possible with sonography, but specificity could not be determined. As noted, several investigators have previously reported very high specificity for sonography, but none had compared sensitivity at different levels. 10, 26 In future studies, cadaver preparation that allows for failed intubation to assess specificity at each level, and with observers scoring separately, will address the shortcomings of this study's design.
In conclusion, sonography during the process of direct laryngoscopy may be used to confirm endotracheal intubation. In comparing sonographic detection of ETT placement at 3 different levels of the upper airway in a cadaveric model, our results indicate that sensitivity was highest at the level of the suprasternal notch, with 100% of intubations detected. In addition, visualization scores were highest at this level. Future studies, with either cadavers or in the clinical realm, would benefit from determination of specificity at different airway levels as well.
